INTRODUCTION
Forests are being lost at an alarming rate across the world's tropical regions (Achard et al. 2002) . Among the anthropogenic causes of deforestation, urbanization is expected to be a major determinant of species loss (Kowarik 1995 With Southeast Asia's rapid economic development, urban areas will likely be an important, if not dominant, feature of the regional landscape. Since Southeast Asia has one of the highest global concentrations of endemic species (Myers et al. 2000) and is predicted to lose up to 21% of its biodiversity over the next century (Brook et al. 2003) , it is critical to understand the patterns and processes of species responses to urbanization in this region. The tropical island of Singapore epitomizes the ecological worst-case scenario for Southeast Asia, having lost >95% of its original vegetation, first to agriculture, and subsequently to urbanization over the past two centuries (Corlett 1991 , 1992 , Turner et al. 1994 ). As such, Singapore is an ideal case study for urban ecological research in the tropics (Brook et al. 2003) . We chose to study the effects of urbanization on butterflies because they are highly sensitive to habitat disturbance and have commonly been used as an indicator taxon for ecological research (e.g., Ehrlich 1984 Our study has three primary objectives. First, we assess the conservation values of forest reserves, forest fragments, and urban parks in Singapore. Forest reserves are part of the Central Catchment Nature Reserve of Singapore and they consist primarily of old secondary forest, primary lowland tropical rain forest, and freshwater swamp forest (Corlett 1997) . Forest fragments are patches of ruderal vegetation (e.g., abandoned rubber plantation, Adinandra-dominated secondary forest) on degraded soils that are scattered across the island. Urban parks are mostly land that has been cleared, revegetated, and maintained with both native and exotic cultivated flora (Teo et al. 2003) . They function as "green spaces" in densely populated urban residential and commercial areas. As forest reserves are the least human-disturbed of these habitats (Turner et al. 1994 , Corlett 1997 , we test the hypothesis that forest reserves are most effective in conserving butterfly species richness, by comparing the number of species, number of unique species, density of species, density of individuals, and community evenness among the different habitats. Second, we examine how the distribution of butterflies may be affected by environmental factors (e.g., canopy cover) and ecological traits (e.g., larval host plant specificity). We investigate which environmental factors (e.g., canopy cover) affect the distribution of butterflies across the habitats; and also test the hypothesis that butterfly communities of different habitats have distinct ecological traits. Third, we examine the important determinants of butterfly species richness (e.g., area) in existing urban parks to improve future park design and management for effective butterfly conservation. As previous studies have shown butterflies to be closely associated with their larval host plants (e.g., Koh et al. 2004 ), we test the hypothesis that the number of potential larval host plant species occurring in the park is the best predictor of butterfly species richness. We believe that our study can contribute to the scientific basis for developing effective conservation strategies in highly urbanized tropical landscapes, toward the ultimate goal of reconciling human activities and species conservation.
METHODS

Study sites
The Republic of Singapore (103o50' E, 1o20' N) is located off the southern tip of Peninsular Malaysia (Fig.  1) . It has a typical equatorial climate with a mean daily maximum temperature of 30.6?C throughout the year and a mean annual rainfall of 2375 mm (Chia and Foong 1991, Corlett 1992 ). Singapore's original vegetation consisted of primary lowland tropical rain forest (82%), mangrove (13%), and freshwater swamp forest (5%; Corlett 1991 , 1992 , Turner et al. 1994 . A total of 39 study sites were opportunistically selected and classified into four habitat types a priori (i.e., forest reserves, forest fragments, urban parks adjoining forests, and isolated urban parks) to investigate their effectiveness in conserving butterfly diversity in Singapore (Table 1, Fig. 1 ).
Butterfly sampling
To compare butterfly species richness and composition among the study sites, butterflies were surveyed using the transect walk method (Pollard and Yates 1993, Koh et al. 2002 
Environmental variables
To determine the effects of environmental factors on butterfly distribution, the following variables were measured within circular plots of 5 m radius located at the start and end points of each randomly selected butterfly transect: the canopy cover of the forest, using a spherical densiometer (Lemmon 1957) ; the number of trees <30 cm diameter at breast height (dbh); the number of trees >30 cm dbh; the number of dead trees; the estimated percentage shrub cover; the mean leaf litter depth; the estimated percentage flowering shrub cover; the number of trees with open flowers or fruits; the temperature and relative humidity using an Oakton digital max/min thermohygrometer (Oakton Instruments, Vernon Hills, Illinois, USA); and the light intensity using a Topcon IM-2D illumination meter (Topcon, Tokyo, Japan). The mean value of each environ-
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Ecological traits of species
Environmental variables.
-Mean values of environmental variables (described previously) were calculated by averaging their measured values over all transects in each park. The number of dead trees and mean leaf litter depth were excluded from this analysis because dead trees and leaf litter were not observed in urban parks.
Number of potential larval host plant species.-This number was determined from plant species lists of urban parks provided by NParks, and using Robinson et al. (2001) .
Statistical analyses
We constructed sample-based rarefaction curves (i.e., equivalent to smoothed accumulation curves) rescaled to the number of individuals to compare the number of species and number of unique species (i.e., species not found in other habitats) among the different habitat types; and rescaled to the number of samples (i.e., transects) to compare the density of species among habitats. Curves of the number of butterfly individuals against the number of samples were also constructed to compare butterfly density among the habitats. The use of taxon sampling curves is a theoretically robust method for species diversity comparisons as it accounts for differences in sampling effort among study sites (Denslow 1995, Gotelli and Colwell 2001) . Further, when the data is inherently sample-based (e.g., from random transects), the use of sample-based rarefaction can account for natural levels of sample heterogeneity (i.e., patchiness) in the data (Gotelli and Colwell 2001). All data sets were rarefied using EstimateS version 6.0b.2 To compare community evenness among habitats, we fitted a linear regression model (i.e., geometricseries model) to a plot of logarithmic species abundance against arithmetic species rank order for each habitat type (Bazzaz 1975 We adopted a two-step procedure to determine how different butterfly species respond to multiple environmental variables (e.g., canopy cover). First, we performed indirect gradient analysis with nonmetric multidimensional scaling (NMS) to ordinate sample units (i.e., transects) in species space. Indirect gradient analysis reflects the environment the way the biotic community interprets it, as opposed to other methods (e.g., canonical correspondence analysis; ter Braak 1986) where ordinations are constrained by variables determined a priori, and are therefore subjected to the hypothesized biological relevance of their selection (Beals 1984) . NMS is a computational-intensive iterative optimization method that searches for the best positions of n entities (samples) on k dimensions (axes) that minimizes the departure from monotonicity in the relationship between the original dissimilarity data of the n samples and the reduced k-dimensional ordination space of these samples ( We used univariate classification trees (UCT) to compare the ecological traits of butterflies in different habitats (Table 2) . We defined butterfly community as a response variable for the UCT model, whereby butterfly species with >80% of individuals occurring in forest habitats (i.e., forest reserves or fragments) were classified as urban avoiders, while the remaining species were classified as urban adapters. UCT repetitively partitions the data set into mutually exclusive groups, each of which is as homogeneous as possible, to provide a final tree-like classification and an associated dichotomous key that can be used to classify unknown samples into the groups (De'ath To identify the important determinants of butterfly species richness in urban parks, simple linear regressions were first performed between each predictor variable (e.g., area) and the total number of butterfly species recorded in each park. Next, to satisfy the assumption of multiple regression analysis that predictor variables are not strongly intercorrelated, a simple correlation matrix was used to check for collinearity among the predictors. A subset of predictors was then selected based on their independence (Pearson R < 0.70) from other predictors, as well as their biological relevance. These predictors were entered for STEP-WISE multiple regressions, using P < 0.05 as the criterion to add or remove variables. All variables were suitably transformed prior to regression analyses to satisfy the assumptions of parametric analyses (Zar 1999 ). All regression analyses were performed using Minitab version 13.2 (Minitab 2000).
RESULTS
A total of 56 species and 1898 individuals of butterflies were recorded. The number of butterfly species at the study sites ranged from one (i.e., Clementi Woods Forest) to 27 (i.e., Nee Soon Forest), while the number of butterfly individuals ranged from three (e.g., Woodlands East Forest) to 308 (i.e., Nee Soon Forest; Table  1 ).
Species diversity and composition among habitats
Forest reserves (FR) had the highest number of species (Fig. 2a) , number of unique species (Fig. 2b) , density of species (Fig. 2c), and community evenness (Fig.  3) (PF) had a higher number of species (Fig. 2a) , density of species (Fig. 2c), butterfly density (Fig. 2d) , and community evenness (Fig. 3) than forest fragments (FF) and isolated urban parks (IP). Generally, FF and IP had lower number of species (Fig. 2a) , number of unique species (Fig. 2b) , density of species (Fig. 2c) , butterfly density (Fig. 2d) , and community evenness (Fig. 3) than either FR or PE Different habitats also differed in the composition and relative abundance of their species (Fig. 4) . For example, while Catopsilia pomona (Sp3) was the dominant species in PF (30.9%) and IP (48.9%), it was a relatively uncommon species in FR (0.002%) and FF (0.08%). Further, there were more "rare" species (i.e., 20 or less individuals observed per year; Khew and Neo 1997) recorded from FR (13) and PF (11) than FF (three) and IP (three) (Table 2, Fig. 4) .
Species responses to environmental factors
The distance between two transects in the ordination of sample scores reflects the relative dissimilarity in their species compositions (Fig. 5a) . A graphical overlay of habitat type on this ordination clearly distinguished forest (i.e., FR and FF) from park transects (i.e., PF and IP), reflecting their species compositional differences. The ordination of species scores identifies the butterfly species separating forest from park transects (Fig. 5b) . For example, forest transects were closely associated with Zeuxidia amethystus (Sp56), Thaumantis klugius (Sp52), Amathusia phidippus (Spl), and Faunis canens (Sp23), while park transects were associated with Catopsilia pomona (Sp3), Papilio demoleus (Sp40), Appias libythea (Sp2), and Junonia hedonia (Sp32). Vector plots of environmental variables (e.g., canopy cover) showed that transects (e.g., in forests) and species (e.g., Zeuxidia amethystus) in the upper right quadrant of the ordinations were positively associated with canopy cover, mean leaf litter depth, number of dead trees, and number of trees <30 cm dbh, while transects (e.g., in urban parks) and species (e.g., Catopsilia pomona) in the lower left quadrant of the ordinations were positively associated with light intensity (Fig. 5) .
Ecological traits of butterfly species
The final and optimum tree from our UCT analysis has four terminal nodes and a misclassification rate of 0.23 (Fig. 6) . The variables actually used in tree construction were adult habitat specialization, geographical distribution, and larval host plant specificity, in decreasing order of importance in explaining variation in the data. Our findings indicate that urban avoiders were 89% likely to be forest dependent and 63% likely to be monophagous, whereas urban adapters were 87% likely to be cosmopolitan and 67% likely to be oligoor polyphagous. Axis 1 Table 2 for species abbreviations.
Species richness in urban parks
Simple linear regressions revealed that the number of potential larval host plant species and total forest area within 2 km were significant predictors (P < 0.05) of butterfly species richness in urban parks (Table 3) . A total of 14 predictors were retained for multiple regression analysis (Table 3) Table 2 for ecological trait abbreviations. tation in forest reserves may provide the unique microclimatic conditions (e.g., closed canopy) or specific larval host plants (e.g., Gironniera subaequalis) vital to the persistence of specialist butterfly species (e.g., Eulaceura osteria; Khew and Neo 1997). Urban parks adjoining forests were the second most diverse habitat in our study. The prevalence of cultivated flowering plants in these urban parks (e.g., Cassia fistula, Bauhinia blakeana) likely support resident butterfly species that are adapted to an open canopy (e.g., Catopsilia pomona), as well as species from adjacent forests that forage in these parks (e.g., Euploea phaenareta). Forest fragments and isolated urban parks recorded the lowest butterfly diversities among the habitats in Singapore, possibly due to their small areas or impoverished floras (Tables 1 and 3 
Ecological traits of butterfly species
The goodness of fit for a classification tree may be assessed by comparing its misclassification rate to that of a null model where all species are classified into the majority group (i.e., urban adapters for our data; De'ath and Fabricius 2000). The misclassification rate for our tree (23%) is considerably lower than that for the null model (43%), indicating that it is more reliable to classify an unknown species using our tree than it is to "guess with the majority" (De'ath and Fabricius 2000). Our classification tree shows that adult habitat specialization and larval host plant specificity were important ecological traits defining butterfly species as either an urban avoider or adapter (Fig. 6 ). This is Purvis et al. 2000) . Further, our results also indicate that cosmopolitan butterfly species are more likely to persist in urban parks than those restricted to the oriental region (Fig. 6) , possibly because widely distributed species are inherently more adaptable and better able to exploit a wider range of ecological niches than narrowly distributed species ( Gilbert 1984) . The isolation of parks from potential sources of butterfly populations in forests within 2 km is also important in determining butterfly species richness in urban parks. This is consistent with our earlier findings indicating that urban parks adjoining forests have higher butterfly species richness than those that are isolated (Figs. 2 and 3 ).
Conservation implications
Several implications for the conservation of tropical butterflies may be drawn from our study. First, forest reserves recorded the highest butterfly species richness among the habitats in Singapore (Figs. 2-4) , implying that in highly urbanized tropical landscapes, the least human-disturbed habitats are the most valuable for preserving the native butterfly species richness, and should therefore be given the highest conservation priority. Second, forest reserves and urban parks adjoining forests collectively accounted for 91% of all butterfly species recorded in this study (Fig. 4) , suggesting that the preservation of these two habitats will likely achieve maximum complementarity for butterfly conservation, especially when it is impractical to preserve large tracts of natural habitats. Also, since 12 of the 14 nonisolated urban parks were located next to forest fragments, and contained similar richness and composition of butterfly species as the two nonisolated parks located next to forest reserves, it suggests that the preservation of a combination of urban parks and forest fragments could greatly enhance butterfly species richness, perhaps due to the availability of varied microclimatic conditions and ecological niches in these two different habitat types. Third, larval resource availability and isolation from forests were important determinants of butterfly richness in urban parks, indicating that urban parks should be revegetated with a diversity of potential larval host plants and should be situated as near as possible to a forest, in order to maximize their conservation value. Fourth, the differential response of butterfly species to environmental factors (e.g., canopy cover) highlights the importance of maintaining environmental heterogeneity for the effective conservation of different butterfly species (e.g., specialist species that are dependent on a closed canopy forest; Hamer et al. 2003) .
Urban landscapes represent an extreme on the continuum of desirable environmental conditions, one that conservation biologists try to avoid in ecosystem management (Hunter 1996, McIntyre and Hobbs 1999, Miller and Hobbs 2002). However, bearing the unlikely scenario that urban sprawl will come to a halt, we are increasingly faced with the task of conserving species in largely "unnatural" human-dominated environments. Hence, it is critical that more research be focused on developing viable strategies for the effective conservation of biodiversity in urban landscapes.
